The effect of simultaneous expression of genes encoding three antioxidant enzymes, copper zinc superoxide dismutase (CuZnSOD, EC 1.15.1.1), ascorbate peroxidase (APX, EC 1.11.1.11), and dehydroascorbate (DHA) reductase (DHAR, EC 1.8.5.1), in the chloroplasts of tobacco plants was investigated under oxidative stress conditions. In previous studies, transgenic tobacco plants expressing both CuZnSOD and APX in chloroplast (CA plants), or DHAR in chloroplast showed enhanced tolerance to oxidative stresses, such as paraquat and salt. In this study, in order to develop transgenic plants that were more resistant to oxidative stress, we introduced the gene encoding DHAR into CA transgenic plants. Mature leaves of transgenic plants expressing all three antioxidant genes (CAD plants) had approximately 1.6-2.1 times higher DHAR activity, and higher ratios of reduced ascorbate (AsA) to DHA, and oxidized glutathione (GSSG) to reduced glutathione (GSH) compared to CA plants. CAD plants were more resistant to paraquat-induced stress, exhibiting only 18.1% reduction in membrane damage relative to CA plants. In addition, seedlings of CAD plants had enhanced tolerance to NaCI (100 mM) compared to CA plants. These results indicate that the simultaneous expression of multiple antioxidant enzymes, such as CuZnSOD, APX, and Communicated by
Introduction
Oxygen is essential for the existence of aerobic life, but toxic reactive oxygen species (ROS), including the superoxide anion radical, the hydroxyl radical, and hydrogen peroxide, tend to increase in plants exposed to stressful conditions. Injuries associated with ROS, collectively referred to as oxidative stresses, are among the most profound damaging factors in plants. Therefore, plants have developed a number of antioxidant defense mechanisms to protect themselves against ROS. These mechanisms employ such factors as antioxidant enzymes, including SOD, peroxidase (POD), and catalase (CAT), as well as low molecular weight antioxidants, including ascorbic acid, GSH, and phenolic compounds (Noctor and Foyer 1998; Asada 1999) .
Chloroplasts are the primary source of ROS, as electrons escaping from the photosynthetic electron transfer system interact with molecular oxygen, thereby resulting in the generation of superoxide anion radicals (Foyer et al. 1994) . Under conditions of environmental stress, including high temperatures, low temperatures, salinity, and drought, ROS levels are increased in plant cells, a process which ultimately hinders the productivity of plants. The water-water cycle (Asada 1999) operates in chloroplasts, rapidly removing ROS at their site of generation, prior to their interaction with target molecules. In this cycle, antioxidant enzymes, including SOD, APX, DHAR, and glutathione reductase (GR), are involved in the scavenging of ROS and the regeneration of oxidized ascorbate and glutathione.
Experiments using transgenic plants expressing foreign genes for antioxidant enzymes have shown that a variety of genes are used in several plant species (McKersie et al. 1993 (McKersie et al. , 2000 Sen Gupta et al. 1993; Allen et al. 1997; Payton et al. 1997; Chen et al. 2003) . In previous studies, we found that transgenic tobacco plants expressing both CuZnSOD and APX in chloroplasts (referred to as CA plants) showed evidence of elevated tolerance to oxidative stresses induced by methyl viologen (MV), a ROS-generating herbicide (Kwon et al. 2002) . Transgenic plants expressing human DHAR in their chloroplasts had high AsA levels and showed increased tolerance to both MV-induced oxidative stress and salt stress . Thus, the development of transgenic plants with optimized tolerance to environmental stresses may require the expression of a variety of antioxidant enzymes, such as CuZnSOD, APX, and DHAR. In this report, we describe the development of transgenic tobacco plants that simultaneously express CuZnSOD, APX, and DHAR in their chloroplasts. Simultaneous expression of these antioxidant enzymes confers increased protection against MVinduced damage and salt-induced damage, indicating that the rational manipulation of antioxidant mechanisms in chloroplasts may prove important with regard to the protection of plant cells against multiple environmental stresses.
Materials and methods

Plant materials and transformation
Transgenic tobacco (Nicotiana tabacum cv. Xanthi) plants expressing CuZnSOD, APX, and DHAR were generated by the transformation of transgenic CA plants (Kwon et al. 2002) with a chloroplast-targeted DHAR gene (Kwon et al. 2001) , using hygromycin as a selection marker. The fully grown transgenic plants (T 0 generation) were then selfpollinated using glassine envelopes, resulting in the production of T 1 seeds. T 2 plants selected with hygromycin (25 mg/L) on MS (Murashige and Skoog 1962) agar medium were allowed to grow in a growth room at 25
• C, with a 16-h photoperiod. Three to four-week-old seedlings were then transplanted into pots, and grown in greenhouses (16 h days, 30
• C day and 22
• C night) with daily watering. Plants were allowed to grow in 10 cm-diameter pots containing commercial mineral-mixed soil. Eight-week-old plants at the fiveleaf stage were utilized for ion leakage analyses.
Vector construction
A binary vector containing the hygromycin resistance gene (pCAMBIA1300) was used for transformation of CA plants, which harbor genes conferring resistance to kanamycin and basta (Kwon et al. 2002) . A chimeric DHAR gene construct (Kwon et al. 2001 ) was digested with PstI and ligated into the same site of pCAMBIA1300. Agrobacterium tumefaciens EHA105 was employed for transformation of the tobacco plants.
Biochemical analysis
The activity of DHAR was analyzed by the method of Nakano and Asada (1981) . Briefly, to determine enzyme activity, the formation of AsA from DHA was monitored at 265 nm in 50 mM phosphate buffer (pH 7.0) containing 0.1 mM EDTA, 2.5 mM GSH and crude extract. In-gel detection of SOD isoenzymes was done via nitroblue tetrazolium (NBT) reduction by photochemically generated superoxide radicals, as originally described by Beauchamp and Fridovich (1971) . The expression of APX in transgenic plants was determined by isoenzyme analysis, according to the methods of Mittler and Zilinskas (1994) . Endogenous ascorbate was extracted and analyzed according to the method developed by Graham and Annette (1992) , with slight modifications (Ahn et al. 1999) . Aminex HPX-87H ion exclusion chromatography (BioRad, USA, http://www.bio-rad.com) was used to quantify ascorbate using HPLC analysis. GSH content was measured according to the method of Griffith (1980) , using GR and 4-vinylpyridine.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
For analysis of transcriptional levels of the introduced DHAR gene, the fourth to fifth leaves from the top of NT, CA, and CAD plants were sampled. Total RNA was extracted from the leaves using the cetyltrimethylammonium bromide (CTAB) method (Kim and Hamada 2005) . Total RNA was treated extensively with RNase-free DNase I to remove any contaminating genomic DNA. First-strand cDNA was synthesized from 1 µg of total RNA using MMLV Reverse Transcriptase (Clontech, USA, http://www.clontech.com/clontech) in a 20 µL reaction volume, then 1 µL of the reaction mixture was subjected to PCR analysis in a 50 µL reaction volume. Primers specific for DHAR (5 -TCC GAG TCG ACA GCA TGA GGT TCT-3 and 5 -CTG GAT CCT CAG AGC CCA TAA T-3 ) and actin (5 -TGG ACT CTG GTG ATG GTG TC-3 and 5 -CCT CCA ATC CAA ACA CTG TA-3 ), were used, and the reaction was carried out for 30 cycles under the following conditions for each cycle: 94
• C for 0.5 min, 53
• C for 0.5 min, and 72
• C for 1 min. This was followed by a final cycle at 72
• C for 5 min to allow completion of polymerization. Actin mRNA served as an internal control.
MV treatment and ion leakage analysis MV damage was analyzed using leaf discs, as described by Yun et al. (2000) , with slight modifications. Leaf discs (16 mm diameter) from the third leaves of six different plants were transferred to 5.0-cm Petri dishes, each containing 5 mL of MV solution at various concentrations (0, 2, 5 µmol/L). Eight leaf discs were placed in each Petri dish, and then incubated for 12 h at 25
• C in darkness to allow for MV to diffuse into the leaves. After pre-incubation, the leaf discs were illuminated (500 µmol/m 2 /s) until use. The conductivity of the decanted MV solution was determined with an ion conductivity meter (lstek Co., Seoul, Korea, model 455C, http://www.istek.co.kr). The solution was recovered from the conductivity meter cell and autoclaved, with the damaged leaf discs, for 15 min at 121
• C, in order to release all of the solutes. The conductivity of the solution was then again determined, and the percent electrolyte leakage attributable to MV treatment was determined by dividing the conductivity value of the sample before autoclaving by the conductivity of the sample after autoclaving (100% electrolyte leakage).
Salt-stress treatment and seedling growth Transgenic T 2 seeds were germinated on agar medium containing hygromycin (25 mg/L). Six-day-old seedlings were transplanted into test tubes (3 cm × 15 cm), each containing 25 mL of basal MS medium, and then incubated under 125 µmol/m 2 /s of light at 25
• C, with a 16 h photoperiod. For salt treatment, seedlings were allowed to grow in basal MS medium containing 0 or 100 mM NaCl for 40 days. The fresh and dry weights of the stress-treated plants were measured, as were the lengths of the shoots and roots.
Photosynthetic efficiency
The recovery of photosynthetic activity after MV-treatment was estimated by chlorophyll fluorescence determination of photochemical yield (F v /F m ), which also represented the maximal yield of the photochemical reaction in photosystem II, using a portable chlorophyll fluorescence meter (Handy PEA, Hansatech, England, http://www.hansatechinstruments.com/). After 30 min of adaptation to darkness, measurements were conducted at room temperature (25
• C) using saturating light flashes (2000 µmol/m 2 /s).
Results
Transgenic plants expressing CuZnSOD, APX, and DHAR in chloroplasts
Five independent transgenic tobacco plants expressing CuZnSOD, APX, and DHAR were generated by the transformation of CA plants with the human DHAR gene. There were no apparent differences in the growth characteristics between the CAD transgenic and NT tobacco plants. Integration of the transgene encoding DHAR was confirmed by PCR and Southern blot analysis, using specific primers and DHAR gene-specific probes (data not shown). DHAR activity (units/g fresh wt) in fully developed leaves of five different transgenic plant lines was 1.4-1.6 times higher than that in NT and CA plants. The CAD2 plant, which had the highest level of DHAR activity among the transgenic lines, was used for further analysis. Fully expanded leaves of the CAD2 plant exhibited approximately 1.6 times higher DHAR activity than NT or CA plants (Fig. 1A) . In the CAD2 plant, intense bands corresponding to the SOD and APX isoenzymes were detected in native gel analysis, similar to that seen in CA plants (Fig. 2) . These results indicated that the three antioxidant genes were properly integrated into the CAD2 plants. The level of DHAR expression in all five plant lines was analyzed by RT-PCR, and we found no significant differences among them (Fig. 3 ).
Biochemical characterization of CAD plants
In addition to enzyme activity, the levels of reduced and oxidized ascorbate and glutathione were measured in the fully expanded leaves of NT, CA, and CAD plants ( Fig.  1B and C ). As expected, the level of AsA in CAD plants (63.3 µg/g fresh wt) was approximately 1.5 and 1.2 times higher than in NT and CA plants, respectively. However, the levels of DHA in the CAD plants was reduced by 35.0 and 16.0%, relative to the levels measured in NT and CA plants, respectively (Fig. 1B) . As a result, the AsA:DHA ratio in CAD plants was increased by 2.2-fold and 1.6-fold over that of NT and CA plants, respectively, although the total ascorbate content did not differ significantly among the genotypes. CAD plants also had an altered ratio of reduced to oxidized glutathione, although total glutathione content was similar in the leaves of NT, CA, and CAD plants (Fig.  1C) . GSH levels (138.24 µg/g fresh wt) in the CAD plants were significantly reduced compared to NT and CA plants, whereas the levels of GSSG were increased. Therefore, the ratio of GSSG to GSH in CAD plants was 3.4 and 2.1 times higher than that in NT and CA plants, respectively.
Protection of membrane damage in transgenic plants
To evaluate oxidative stress tolerance in CAD plants, leaf discs were treated with MV, a superoxide-generating herbicide. Severe necrosis was observed in the leaf discs of NT and CA plants treated with MV ( Fig. 4A) , while partial necrosis was observed at the boundaries of the leaf discs of the CAD plants. As a result, the conductivity of the MV solution containing the leaf discs from CAD plants was mine the degree of damage induced by MV treatment on the photosynthetic apparatus. No significant differences in the photosynthetic efficiency in leaf discs from the three plant lines were noted in the absence of MV treatment. When the leaf discs were exposed to MV, only minimal loss of chlorophyll fluorescence was observed in the CAD plants, while photosynthetic efficiency was reduced significantly in the NT and CA plants. When the leaf discs were exposed to 5 µM MV, the leaf discs from the CAD plants showed a lower chlorophyll fluorescence loss than NT and CA plants, by 1.42-fold and 1.5-fold, respectively, 48 h after treatment (Fig. 4C) .
Effect of NaCI on seedling growth
In order to determine the effect of NaCl on plant growth, NT and transgenic plants were grown in test tubes containing MS basal medium supplemented with 100 mM NaCl for 50 days, and the growth of the plants was compared to the growth of plants grown in MS medium in the absence of NaCl (Fig. 5) . CAD plants showed an enhanced degree of tolerance to NaCl-mediated stress, as compared to NT and CA plants. The administration of 100 mM NaCl induced significant growth retardation in all tobacco plant lines (Fig. 5A) . However, the growth retardation of CAD plants induced by NaCl treatment was less profound than that of NT and CA plants. The shoot dry weights of the CAD plants were 35.0 and 22.3% higher than those of NT and CA plants, respectively (Fig. 5B) . Furthermore, significant differences in root growth were observed among the three lines when they were treated with 100 mM NaCl. The root dry weights of the NT, CA, and CAD plants treated with 100 mM NaCl were reduced by 75.0, 67.8 and 56.3%, respectively, compared to their non-NaCl treated controls. The root dry weights of the CAD plants treated with 100 mM NaCl were found to be 2-fold and 1.5-fold higher than the weights of the NT and CA plants, respectively.
Discussion
In a previous study, we found that in CA tobacco plants expressing chloroplast SOD and APX, there was a synergistic effect of expression of the two enzymes with regard to protection against oxidative stresses (Kwon et al. 2002 ). It appears that the simultaneous scavenging by CuZnSOD of superoxide anion radicals and H 2 O 2 , which can deactivate CuZnSOD and APX, is important for the maintenance of plant productivity under harsh conditions. Exogenous ascorbate supplementation of NT and CA plants resulted in a decrease in the toxicity of MV . In CA plants, increased APX activity was found to be more relevant to the protection of plants against oxidative stress than increased SOD activity (Kwon et al. 2002) . It has also been shown that chloroplast APX is the primary target of MVinduced oxidative stress (Mano et al. 2001) . These results indicate that plants with larger ascorbate pools, accumulated by either ascorbate recycling or exogenous ascorbate supplementation, are able to maintain APX activity even under conditions of oxidative stress. Tobacco plants that overexpressed chloroplast-targeted DHAR, which catalyzes the reduction of DHA to AsA, also showed enhanced tolerance to oxidative and salt-induced stresses .
In this regard, we could surmise that transgenic plants expressing three transgenes, such as those encoding CuZnSOD, APX, and DHAR, in their chloroplasts might be efficiently protected against a variety of environmental stresses. In this study, we successfully generated CAD transgenic tobacco plants by the introduction of the DHAR gene under the control of the CaMV 35S promoter into the chloroplasts of CA plants (Figs. 1 and 2) . CAD plants showed elevated protection against MV-mediated oxidative stress and high salt stress, more so than CA plants expressing CuZnSOD and APX (Figs. 4 and 5) . As expected, CA plants showed an intermediate degree of stress tolerance relative to NT plants and CAD plants. The increased amount of AsA detected in the CAD transgenic plants was substantial with regard to its protective effect against oxidative stresses induced by MVor salt-treatment. Transgenic tobacco plants expressing the gene for wheat DHAR (Chen and Gallie 2004) contained larger quantities of AsA, and showed increased protection against ozone toxicity, although these plants also showed lower APX, SOD, and catalase activity than did NT plants (Chen and Gallie 2005) . However, in addition to the increased quantities of AsA, the CAD plants in this study exhibited more profound SOD and APX activity than did CA plants.
It is known that only some of the total cellular ascorbate and glutathione content is localized in chloroplasts (Foyer 1997) . In CAD plants, it seems likely that a large portion of AsA was located in the chloroplasts, because DHAR is targeted to chloroplasts. Also, in transgenic plants expressing CuZnSOD or APX, these proteins co-purified with chloroplast fractions (Sen Gupta 1993; Allen et al. 1997) . It is likely that the DHAR protein in CAD plants was correctly targeted to the chloroplast, because the transit peptide sequence was the same as that of the chimeric APX construct. Thus, the higher redox state of ascorbate in the chloroplasts of CAD plants likely provided more tolerance against MV-mediated oxidative stress. Chen and Gallie reported the diurnal regulation of ascorbate redox state and H 2 O 2 concentration in tobacco plants (Chen and Gallie 2004) . In addition, it is known that the redox state of ascorbate is inconsistent in leaves at different developmental stages (Chen et al. 2003) . In a previous report by our group , we showed that the ratio of AsA:DHA in NT plants was 0.21. This difference in redox status between the current and previous study is most likely due to sampling time and slight differences in leaf development stages.
ROS, and hydrogen peroxide in particular, operate as critical signals for plant adaptation to both biotic and abiotic stresses (Mittler 2002; Mittler et al. 2004) . Cellular ROS levels must remain under tight control in order for signaling during stress conditions to occur efficiently and accurately. A strong constitutive promoter, such as the CaMV 35S promoter, is typically used for the expression of foreign genes in plants. However, more precise regulation of expression using an inducible promoter, especially a stress-inducible promoter, often proves more useful for the development of stress-tolerant plants, or the production of proteins exerting deleterious effects on plant growth (Yoshida and Shinmyo 2000) . We recently developed an oxidative stress-inducible POD promoter (SWPA2 promoter) from the sweet potato plant (Kim et al. 2003) . Analysis of the SWPA2 promoter in transgenic tobacco plants indicated that it also might prove useful for the development of a plant exhibiting enhanced tolerance against environmental stresses. Transgenic potatoes (Tang et al. 2006 ) and sweet potatoes (Lim et al. 2004) , expressing chloroplast CuZnSOD and APX under the control of the SWPA2 promoter were successfully developed and evaluated in terms of multiple stresses. These transgenic potato and sweet potato plants showed enhanced tolerance to a variety of stresses, including MV-mediated oxidative stress and extreme temperature. We are now attempting to introduce the gene encoding DHAR under the control of the SWPA2 promoter into transgenic potato plants that express chloroplast CuZnSOD and APX, using a gene-stacking approach.
In summary, we have developed transgenic tobacco plants designed for enhanced tolerance to oxidative stress that express chloroplast CuZnSOD, APX, and DHAR under the control of the CaMV 35S promoter. Our results clearly indicate that the rational manipulation of the antioxidant mechanisms in chloroplasts by the coexpression of three antioxidant enzymes will prove important with regard to the protection of plant cells against multiple environmental stresses. Furthermore, we anticipate that our results will also prove applicable to the development of transgenic plants possessing enhanced tolerance to multiple environmental stresses.
